In the past year, fifth-generation (5G) wireless technology has seen dramatic growth, spurred on by the continuing demand for faster data communications with lower latency. At the same time, many researchers argue that 5G will be inadequate in a short time, given the explosive growth of machine connectivity, such as the Internet-of-Things (IoT). This has prompted many to question what comes after 5G. The obvious answer is sixth-generation (6G), however, the substance of 6G is still very much undefined, leaving much to the imagination in terms of real-world implementation. What is clear, however, is that the next generation will likely involve the use of terahertz frequency (0.1-10 THz) electromagnetic waves. Here, we review recent research in terahertz wireless communications and technology, focusing on three broad topic classes: the terahertz channel, terahertz devices, and space-based terahertz system considerations. In all of these, we describe the nature of the research, the specific challenges involved, and current research findings. We conclude by providing a brief perspective on the path forward.
The Terahertz Channel
The successful deployment of terahertz systems requires a solid understanding and accurate modeling of wireless channel conditions (propagation characteristics) between the transmitter (Tx) and receiver (Rx). Research work has now begun in earnest to understand terahertz wireless channels, which have many unique characteristics that distinguish them significantly from microwave work. The usual concern of most interest is wave extinction, either by spreading loss or absorption. For absorption, molecular oxygen is important at and below 120 GHz, however, water vapor absorption dominates by far in the remaining bands. Figure 1 shows plots of atmospheric power attenuation for the 0-1 THz range. Various studies since 2011 described and accurately modeled the absorption of the atmosphere [22, 25, 26] from the perspective of a wireless communication channel. Using time-domain spectroscopy (THz-TDS), some of this work [26] revealed that the atmosphere can be very accurately modeled by careful use of Molecular Response Theory taking individual resonant absorption lines from the HITRAN database [26, 27] . Importantly, this work showed how continuum absorption is often handled inconsistently, leading to discrepancies in total absorption. Unlike microwaves and other lower frequency RF, continuum absorption is an important contributor to absorption in the terahertz regime, which means it can no longer be ignored. It is of practical interest that recently (in 2018), O'Hara and Grischkowsky showed that the standard tool provided by the Radiocommunication Sector of the International Telecommunication Union (ITU-R) for calculating absorption (recommendation ITU-R P.676-11, 2016) was not accurate above 400 GHz [28] . This was due to both the way the continuum is accounted for in ITU-R, as well as the shape of resonant absorption lines selected. It is thus apparent that even though modeling of the terahertz channel may be advanced, it has not yet fully translated into widely-utilized engineering tools.
While earlier studies underpinned very accurate descriptions of absorption in isolation, the nature of the channel is considerably more complicated. For one, the Friis transmission formula does not adequately capture several propagation characteristics of practical channels such as multipath, non-line of sight (NLOS), and Doppler effects. Further, because of the dynamic nature of the atmosphere and mobile communication links, it is necessary to measure the channel and extract key characteristics of the propagation as a function of time so that a reliable channel model can be developed and used in wireless communication system design emulators/simulators. Empirical data is therefore required to determine accurate analytic and stochastic models of terahertz wireless channels. In terms of multi-path and NLOS systems, the nature of terahertz scattering is an important concern. Measurements of terahertz scattering for communication purposes began as early as 2007 [29] , where terahertz scattering off of building materials, such as plaster and wallpaper, was studied. More recently, such work advanced to actual measurements of bit error rates (BER) in NLOS indoor and multipath outdoor terahertz communication links, ranging from 100-400 GHz carrier frequencies [30] . The work showed that surprisingly good performance can be obtained in spite of NLOS and multi-path effects with ranges of between 10-60 m and modest transmitter power (6 dBm) assuming the carrier frequency can be tuned and the Tx and Rx can be optimally aligned.
This last research is an example of system-level channel testing, rather than piecewise measurements of scattering and absorption, for example. Ultimately, terahertz communications will require a large and dedicated effort in system-wide channel sounding. This is the experimental technique of measuring a wireless communication channel, with all of its various complications. Results of channel sounding will be married to channel modeling [15] for future communication systems to be predictably engineered. Summarily, the goal of channel sounding is to determine the complex channel impulse response (CIR) (or frequency response due to duality) of a wireless communication channel ( Figure 2 ).
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Channel h(t) The CIR is ideal for characterizing the channel as it is comprehensive in the information it provides. Of course it contains both magnitude and phase information from the signal. However, it also permits determination of some other important channel parameters including angle of arrival; angle of departure; Doppler shift; and power delay profile. Part of the importance of channel sounding is that it must be used for developing a stochastic channel model, taking into account the general channel fading, which describes the attenuation of the wireless signal due to a large combination of variables. Fading may occur from atmospheric attenuation, obstructions, time-domain variations (e.g., due to receiver motion), multi-path interference effects, and more. In RF engineering practice, systems can be designed by simplified models where large-scale fading is summarized by a single equation [31] , P r P t
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Here, K and d 0 are reference constants associated with the antenna characteristics and range, respectively. NLOS fading requires even more complication due to the (typically) Rician statistical variations of the received signal [31] . For an ideal LOS channel, it would be found that γ = 2 corresponding to normal space loss (1/r 2 ) in propagation, and ψ dB = 0, corresponding to zero shadowing effects. Many of the extant terahertz measurements are of this variety (or nearly so) since it makes isolation of physical mechanisms like absorption possible [25, 26, [32] [33] [34] [35] . In real communication system channels, however, neither of these is true. Instead γ may range from 1.6-6.5 and ψ dB is a zero-mean Gaussian variable with some non-zero variance [31] . Moreover, NLOS channels are unavoidable in realistic wireless channels, adding further complication. Accurate stochastic descriptions for terahertz wireless systems require full-scale, real-world channel sounding to be validated. However, we note that first steps are underway. For example, empirical bit error rate determinations have been made for terahertz systems operating in environmental conditions with dust [36] , fog [33, 37] , and rain [38] .
The key requirements for accurate terahertz channel sounding are: high dynamic range (within a narrow frequency range) while maintaining wide tunability, fast detection (to capture real-time dynamics), and a long enough measurement window to capture power delay profiles. More generally, long measurement windows and real-time dynamics are conflicting requirements that can only be met with a compromise [15] . Terahertz researchers have therefore adopted different channel sounding techniques with complementary benefits to handle all cases: i) THz-TDS. The TDS method is widely used in basic material spectroscopy research and offers extremely large bandwidth and excellent time resolution. In addition, since it is a pulsed method, time-gating is possible to isolate scattering mechanisms within the channel, a decided advantage over frequency-domain systems for multi-path studies. However, these systems generally suffer from lower dynamic range, low spectral power density, and limited measurement windows (1-2 ns). Furthermore, an accurate stochastic picture of time-variable, multi-path contributions cannot be built with a TDS system. This is because TDS is not "real-time," but instead employs a relatively slow averaging measurement technique in order to increase the signal-to-noise ratio. That technique requires the measured channel remain constant over the whole measurement duration, which is typically several minutes. Therefore, time-variant effects from Doppler shifts and limited channel coherence time cannot be measured in time-domain systems. Furthermore, it is an ultrafast laser-driven technique, making it difficult and expensive to implement in practical situations. We will devote more discussion to the other two methods: (ii) the VNA-swept-frequency method, where the channel frequency response is measured by using a vector network analyzer (VNA), (iii) the sliding-correlator (SC) method. The combination of these approaches will be suitable for a wide range of channel propagation measurements with 1) shortand long-distances, 2) narrowband and wideband signals, 3) time-and frequency-domain, and 4) stationary and mobile scenarios. Historically, the VNA and SC based methods have been practically more important, being the common approaches in microwave systems where TDS is not commonly available. The development of these methods is now beginning in the terahertz realm [12] [13] [14] [15] 21] . Both time-and frequency-domain channel sounders operating between 3 to 110 GHz are summarized in [13] , although most of these fall into the 60 GHz and lower frequency range. More recent results extend this range to 140 GHz [16] .
In the VNA-swept-frequency method, the channel frequency response is measured by using a VNA (together with subharmonic mixers to operate at THz bands). The VNA steps through a range of discrete, narrowband frequency tones swept across the bandwidth of interest and, at each frequency, measures the channel's magnitude and phase response followed by an inverse discrete Fourier transform of the channel transfer function, which results in a complex CIR [13] . With this technique, very precise channel measurements can be achieved in static environments using a VNA with desired frequency resolution [12] . Vector network analyzers are typically utilized in static environments because of the long frequency sweep time across a broad spectrum, which can exceed the channel coherence time [13] . In addition, hard-wired connections are required for VNA two-port network synchronization that make it more suitable for indoor and short-range measurements [12] [13] [14] . Hence, it is restricted to one waveguide band at a time and cannot support wideband measurements with mobile transmitters or receivers. Two rubidium (Rb)-and/or cesium (Cs)-based high-stability clocks can be employed to replace the synchronization cable and act as frequency standards for VNA-based sounding over limited durations beyond which their phase coherence degrades. Phase stability, even with hard-wired synchronization connections, becomes increasingly difficult as terahertz frequencies are approached, due to the relatively small wavelengths.
The sliding-correlator method is a time-domain channel measurement where, in the simplest method, a short electromagnetic pulse is transmitted in the time domain. The receiver can measure the different arrival times of multipath components of this pulse to determine the CIR. However, since synchronization is often not employed, this method can suffer the 3 dB penalty of non-coherent detection. It also requires a high peak-to-average-power (PAPR) ratio, and can have in-band interference and poor dynamic range [13] . Instead of transmitting a single impulse, it is also possible to transmit a carefully-timed train of impulses, also known as a direct sequence spread spectrum (DSSS) signal. The DSSS signal can be properly processed at the receiver to determine the CIR, and the DSSS signals also provide rejection of in-band interference components as well as improvements in dynamic range [13, 15, 21] . However, DSSS channel sounding performs best only for narrowband channels. As the required bandwidth increases, the sampling rate of the ADC must increase as well. This presents a possibly significant challenge for next-generation terahertz systems, where the goal is to utilize very wide bandwidth for high data rates. One solution to improve bandwidth is to introduce a swept time-delay in the sliding correlator, where DSSS signals are used with temporal-dilation to compress the wide bandwidth of the measured CIR [14, 15] . Temporal dilation approximates a true correlator receiver by multiplying the received signal with a "slow" copy of the transmitted signal and then filtering the product [15] . This process results in a time-dilated CIR that is narrowband filtered and digitized [12, 13] . The sliding correlator can be used to measure multipath components, time delays, and received power in a wide range of scenarios and can even be used to measure antenna patterns [13] . The bandwidth compression of swept-time delay channel sounding allows a more economical means of recording and processing CIR measurements.
The sliding correlator channel sounder is the most popular implementation of swept time-delay channel sounding and has been used extensively for wideband wireless channel measurements and characterizations. It is also a natural solution for sounding the massive spectrum occupied by large bandwidth terahertz communication systems [15] . However, when time-dilation is employed, the sliding correlator sounding method requires a more complex system design, additional hardware, and a longer acquisition period than direct RF pulse sounders. Nevertheless, it is still much faster than VNA-based sounders, and can still record several hundred CIRs per second (depending on the selected slide factor) [13] . A recent example [12] of the SC method was implemented at 300 GHz, offering sounding of dynamic channels with a 444 ns measurement window, with 108.5 ps (3.25 cm) resolution. It also features up to 17,590 CIR/s measurements and can distinguish Doppler shifts of up to 8.8 kHz (equivalent max speed of 31.7 km/h). However, it requires a hard-wire synchronization signal, and the cyclic recording method removes absolute distance information. While this is an excellent step forward, much work remains in SC terahertz channel sounding.
What is apparent from the discussion is that channel sounding in the terahertz is currently limited by phase synchronization challenges. This is true for both VNA and SC implementations. Some of the proposed channel sounders do not utilize synchronization and therefore cannot measure absolute delays [13] . That does not totally eliminate their usefulness. It just means they can measure only delays relative to the strongest or first arriving multipath component. For relatively short links, synchronization is generally not a problem since hard-wired connections between the Tx and Rx are acceptable. A synchronization cable is used as a phase reference for channel sounding methods only to enable measurements of absolute timing between transmitted and received signals. The channel itself is wireless. In many practical communication scenarios, no cable can be used for synchronization. References [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] are also available for the interested reader to learn more detail about the terahertz channel sounding methods. Synchronized, high-precision Rb-or Cs-based clocks also suffice for brief intervals. So long as measurements do not require too much time, separate Tx-and Rx-connected clocks will maintain synchronization sufficient for absolute delay measurements. However, as terahertz links go to hundreds of meters or even kilometers, it becomes increasingly difficult to maintain sufficient synchronization between the clocks. At the same time, the high frequencies in terahertz signals only become more prone to small phase errors. Hard-wired solutions are not the answer, particularly for mobile testing platforms, and Rb-and Cs-based clocks, though separable, are not precise enough for long-duration measurements at large distances. Therefore, the terahertz channel remains a challenge. While it is extremely well-understood in some regards, it is not well-understood in many dynamic or NLOS situations, and arguably is not even thoroughly measurable yet.
Terahertz Devices
The terahertz research world has commonly referred to the "THz-gap", when discussing the relative absence of technologies suitable for commercializing terahertz wave devices and systems, as compared to the neighboring microwave and photonic bands. Researchers continue to search for ways to fill this THz-gap, ranging from new materials studies (e.g., artificial materials [39, 40] , metamaterials [41] [42] [43] [44] [45] ), to new photonic and electronic devices for generating, detecting, and manipulating terahertz waves.
From the perspective of next-generation terahertz communications, it currently appears that purely photonic sources and detectors will not be the terahertz technology of choice. To justify this statement, we describe some modern photonic-based terahertz sources. These include quantum cascade lasers (QCL) [46] , nonlinear optical-mixing sources [47, 48] , and ultrafast laser-driven pulsed sources and detectors [48, 49] . The form factors and operational principles of these vary so widely that one-to-one comparisons in performance are very challenging. For example, terahertz QCLs can achieve admirable output powers (>100 mW [46] ), but only at cryogenic temperatures, whereas mid-infrared QCLs, used in conjunction with nonlinear crystals can make microwatts of tunable continuous wave (CW) terahertz (1-5 THz) at room temperature [46] . On the other hand, pulsed nonlinear-mixing sources are completely different, having no CW mode at all, and thus no tunability, and rely on very high optical intensities to generate terahertz pulse streams with low average power (microwatts) [48] . All of these sources offer impressive performance in their own ways, but none so far are easily integrated into larger digital electronic systems, which is arguably their biggest downfall for communication systems. In most cases, they suffer from other debilitating physical requirements for operation. For example, ultrafast pulsed sources are generally far too bulky (> 5000 cm 3 ) or inefficient (< 10 −5 efficiency) to implement in mobile devices and QCLs require cryogenic cooling or complex optical tuning schemes.
One alternative is electronic-based terahertz sources, detectors, and mixers. Typical communication systems are composed of a front-end and a baseband circuit. Front-end circuits are responsible for up-and down-conversion of baseband signals to and from the carrier frequency. Front-end research therefore address both terahertz sources and detectors. To accomplish the mission of achieving multiple fold improvements in data-rates, terahertz communication systems will require both wideband front-ends at the carrier frequency and high-speed baseband circuits. Before beginning a discussion of these technologies we present Table 1 that summarizes some of the forefront technologies and their performance metrics. Complementary metal-oxide-semiconductor (CMOS) circuits are increasingly becoming a legitimate and competitive approach for implementing terahertz communication technologies up to about 300 GHz [61] [62] [63] [64] , with the potential benefits of low cost and easy integrability into modern digital electronics. This is particularly true for mobile devices. One metric of interest in next-generation wireless is efficiency, an obvious necessity for battery-driven, mobile devices. Although evaluating the energy efficiency of wireless systems is very complicated, one can gauge the achievable energy efficiency in baseband circuits by examining that of wireline communication links. As of 2018, wireline communication transceiver efficiency is reaching to about 1 pJ/bit [65] while supporting about 100 Gbps data rate. Note that we adopt the Joule per bit definition of efficiency, since this is the most fundamental figure of merit for digital communication systems and is comparable in diverse system types. This indicates that it should be possible to implement high-speed baseband circuits for terahertz communications with reasonable energy efficiency. Fortunately, the baseband circuits directly benefit from continuous efforts to scale CMOS devices for high speed and low-power operation. For instance, the performance and energy efficiency of analog to digital converters (ADC) has been continuously improved [66] . While baseband circuits certainly need wide bandwidth to retain the benefit of terahertz carriers, they do not need to operate themselves at terahertz frequencies. This relaxes some of the difficult electronics constraints that terahertz waves impose.
Unfortunately, front-end circuits do not always gain performance from CMOS scaling. Rather, the lower supply voltage and the pronounced interconnect parasitics of scaled CMOS processes deteriorate the front-end performance. The frequency where the maximum achievable power gain becomes unity, f MAX of CMOS devices currently peaks at 350 GHz [67, 68] . This means that it is almost impossible to develop basic building blocks for terahertz front-ends, such as amplifiers and oscillators. However, other integrated circuit (IC) technologies can be considered as alternatives, and it is not uncommon to use multiple technologies to build communication devices. As a matter of fact, mobile handsets, which have very limited circuit-board area and power budget, employ compound semiconductor and micro-electro-mechanical components in their frontends to meet performance targets [69] [70] [71] . Indium-phosphide (InP) technologies offer the highest f MAX reaching beyond 1 THz [64, 72] . Indeed, a 50-Gbps QPSK transceiver has been demonstrated using InP technology [51] . However, its yield and manufacturing capacity have not been proven in commercial large-volume applications yet. Gallium-nitride (GaN) technology is also promising for infrastructure thanks to its inherent high-power handling and generation capability. A 2 W power amplifier IC and a 37 W module employing the IC was demonstrated up to 100 GHz using a 0.15 µm GaN process [52, 73] . Its manufacturability is expected to be improved as GaN technologies are being adopted into 5G infrastructure [74] . Finally, silicon germanium (SiGe) technologies can be considered for mobile handsets. The f MAX of SiGe has reached 700 GHz and, importantly, it can support integration with CMOS and large-volume manufacturing [75, 76] . Several transceivers beyond 100 GHz have now been demonstrated using SiGe technologies [65, 67] .
Some of these challenges can be overcome by using radically different front-end architectures. In radio-astronomy, where terahertz systems have been actively utilized for decades, passive mixers and harmonic frequency multipliers are used to detect extremely weak signals from distant objects [77] . As passive mixers and harmonic multipliers rely on device nonlinearity, their performance is not strictly bound to f MAX . Instead, the cutoff frequency ( f T ), which is the first pole frequency of a nonlinear device, has a more significant correlation with the device performance. Even in CMOS processes, nonlinear passive devices with f T close to 1 THz can be realized [78, 79] . Impressively, a 16 Gbps QPSK transceiver link at 240 GHz [63, 64] , a 105 Gbps QAM transmitter front-end [60] , and a 30-Gbps QPSK transmitter [61] have all been demonstrated using passive mixers and multipliers using a 65 nm CMOS process. However, their system-level energy efficiency and practical long-range operation with full system integration including baseband circuits has not yet been investigated.
Finally, we mention a growing area of hybrid photonic-electronic devices [80] [81] [82] [83] , in particular sources and detectors. This technology approach is quite relevant since its most commonly reported application is wireless communication [84, 85] , although terahertz sensing utilizes the same basic devices [86] . Both terahertz transmitters [81, 85, 87, 88] and receivers [89, 90] have been implemented that leverage the high maturity of optical fiber technology, but transmitters in particular have received more attention [91] . In this approach, two slightly detuned, frequency-stabilized and phase-locked semiconductor lasers (λ = 1.55 µm InP/InGaAs lasers are common) or an optical frequency comb generator [84] typically act as local oscillators, both illuminating an electronic photodiode. These generate a beat frequency in the terahertz regime, which through nonlinear effects in the photodiode produce a terahertz signal with a relatively narrow bandwidth of about 1-2 MHz, corresponding roughly to the linewidth of the lasers. The lasers are typically highly tunable, well beyond 1 THz [85] , meaning the beat frequency and corresponding terahertz carrier can be tuned over a very wide range, from zero to over 1 THz. Modulation of the terahertz signal often occurs via modulation of one or both of the lasers with commercially-available electro-optic modulators, for example. The uni-travelling-carrier photodiode (UTC-PD) [87, 88] has been employed extensively as the photodiode of choice for terahertz generation; it supports fast modulation with high current density which is advantageous for generating terahertz radiation. With UTC-PDs, terahertz output powers of −2.7 dBm at 0.35 THz are currently possible [87, 92] , making wireless communication systems supporting ≥ 100 Gbps [93] over multiple tens of meters possible [84, 91] .
The advantages and disadvantages of the hybrid photonic-electronic approach are clearly important. For advantages, they are based on mature fiber-optics technology. They are widely and easily tunable, being based on the mature tunability of the mixed lasers. They exhibit admirable output powers, particularly in the sub-0.5 THz regime, though not quite as good as all-electronic approaches. Data modulation is fast, again leveraging mature technology from optical fiber systems. Finally, most of the system parts are already commercially-available (e.g., lasers, UTC-PDs, modulators, etc.) in some form. As disadvantages for next-generation wireless, photomixer based devices also require laser stabilization and possibly synchronization between transmitter and receiver for real-time demodulation. Indeed, most demonstrations still use all-electronic terahertz receivers. While dual semiconductor lasers can be implemented in impressively small packages [85] , the overall systems are still far from suitable for modern mobile devices. Neither are such systems highly integrable into modern electronics. Nevertheless, for fixed point links, the hybrid photonic-electronic approach may prove to be a highly viable architecture.
All of this prompts the question of how to move forward with terahertz devices. To date, there has been a concerted effort to leverage mainstream integrated circuit technologies in terahertz communication front-ends (e.g., CMOS). Pushing the limits of these technologies and adopting new ideas from other disciplines have been major drivers of the research thus far, and the result has been a steady improvement in device performance in the 0.1 to 1 THz regime. However, the next step may be a holistic optimization across multiple layers of the entire system, which should open another dimension of engineering to improve the front-end performance. As an example, ongoing THz antenna development, driven by new concepts in metamaterial-inspired antennas, could change the interface between the antenna system and the front-end, which may call for a completely new front-end design. Furthermore, as the baseband data rate increases, physical and logical partitioning between front-end and baseband circuits could need to be revisited. Last but not least, high-frequency, high-speed packaging and interconnects will introduce other design challenges [94] . In other words, in order to get to viable and robust terahertz wireless communications, it probably will not be sufficient to solve only isolated problems. It appears that wholesale changes in electronic systems or fundamentally new hybrid photonic-electronic architectures will be required and the exact nature of these changes is not clear yet.
Space-Based Terahertz Systems
Terahertz research has expanded recently to more dedicated efforts in extreme-environment systems such as satellite and space-based electronics [95] [96] [97] [98] . For space-based applications terahertz has several advantages over conventional RF communications: (1) higher data rate due to wider channel bandwidth, (2) improved security from narrower beam widths and higher attenuation in the atmosphere, and (3) compact size/volume (e.g., smaller antenna size for same directivity) [99] , which may also reduce launching costs. In comparison to laser-based communication systems, terahertz systems can also have a much more reliable link establishment between terrestrial stations and satellites under varying whether conditions [100, 101] .
Similar to most other performance-driven applications, space-based terahertz communications typically require maximized performance metrics [102, 103] . Specifications such as antenna gain, component bandwidth, linearity, noise, data rate, and reliability are critically important in space applications. However, the same arguments could be made for terrestrial wireless systems, albeit with perhaps slightly less rigor. Therefore, space-based terahertz systems become an excellent development platform even for terrestrial wireless links. Indeed, given the relatively immature state of terahertz technology (compared to RF), one might even expect space-based applications to be the harbinger of future terrestrial ones. For this reason, they become an important topic in any discussion of future terahertz wireless systems.
We first consider size and weight and power (SWaP). The physical volume/weight of a satellite or a cubeSat are strictly fixed, and the entire terahertz communication system must meet these dimensional requirements. At the same time, low-power operation is also mandatory in space, due to limited availability of solar or radioisotope-based power, especially for deep-space exploration. For that reason, CMOS-based terahertz has again proven attractive [104] . Jet Propulsion Laboratory (JPL) has been the innovation leader in space-mission terahertz technology [104] , and they have certainly not dismissed CMOS. However, research indicates that CMOS offers substantial SWaP benefits in only selected areas, such as frequency synthesizers [104] . For terahertz transmitters, CMOS simply does not compete well with InP and GaN, nor for receivers, where the low noise figures of GaAs or InP dominate. Nevertheless, research continues to push this envelope, especially as low-cost cubeSats become increasingly important. It is therefore conceivable that CMOS-infused terahertz technologies that are suitable for space would likewise meet SWaP requirements of terrestrial systems (e.g., mobile handsets).
While channel interference is not generally the first concern of any present-day terahertz system (many such bands are not even yet allocated), terahertz waves are used for various space-based geophysical sensing platforms (e.g., radiometers). The widespread use of terahertz for wireless communication then poses a threat to disturb the measurements from these systems. It has been anticipated that such a threat could be anticipated and compensated by careful consideration of wireless communication systems in early design phase [105] . Similar studies would translate to interference between terrestrial links, although such work would also be covered by general channel studies.
Satellite-to-satellite wireless communications has long been recognized as a niche market for terahertz waves since there is so little intervening atmosphere to attenuate the waves. In addition, relatively small antennas with good directivity may be employed due to the short terahertz wavelengths. With better directivity comes much greater potential for beam-pointing errors and harmful vibration effects, both of which may arise from satellite motion. Such research has begun and showed that both beam-pointing and vibration can significantly affect signal-to-noise ratio, and thus achievable data rates [106] . Again, these are important issues that will also appear in terrestrial or ground-to-space links, which will compel further necessary research.
Finally, we mention the hostile environmental conditions in space. Space-based communication electronics should have protection circuitry and layers to reduce performance degradation associated with exposure to long-term and dynamic space radiation. In addition, extremely cold, hot, and/or wide temperature ranges significantly change the system performance due to variations in transconductance, linearity, and high-frequency parameters of active devices. Regarding radiation effects, one of the key damage mechanisms is total ionizing dose (TID), which leads to long-term degradation of device performance such as leakage increase and gain/bandwidth reduction [107] . Changes in transistor parameters include threshold voltage, off-state current, noise, transconductance, and parasitic components. In addition, resulting degradations in high-frequency metrics such as scattering parameters will affect circuit and system performance. Radiation effects in SiGe-based devices serve as good representative examples since they can reach terahertz operational speeds ( f MAX > 700 GHz). One study result is shown in Figure 3 , which shows orders of magnitude increase in base currents for a 90 nm SiGe HBT (heterojunction bipolar transistor) as a function of total dose. While this is a microwave device, it is clear that electronics operating in intense radiation environment should provide acceptable performance for a given total dose requirement. Another mechanism in radiation effects is single-event effects (SEE), which occur when high energy heavy ions or particles strike devices, causing abrupt voltage and/or current transients at device terminals [107] . An example of dynamic interference in a low-noise amplifier generated by pulsed-laser SEE testing is shown in Figure 4 . This example also illustrates that devices can be designed differently to significantly reduce susceptibility to SEEs. While radiation-effects are mostly unique challenges to space-based systems, wide temperature variations are still possible even in terrestrial wireless links. Likewise, high peak voltages or currents can degrade device reliability, leading to leakage increases, performance degradation, or even device failure. These challenges are also not limited to the space environment but can affect all terahertz devices pushed to their maximum performance capabilities.
The field of space-based terahertz communication has many open questions for characterization, design, and implementation. Breakthroughs in all aspects of performance, efficiency, channel allocation, beam directivity and small form factor in devices, circuits, and system level improvements have been in demand for the maturity of these technologies [104] . To support stable and robust operations in extreme environments, radiation effects and cryogenic/high temperature performance should be carefully investigated, and then, relevant protection/compensation techniques can be implemented [110] . While the radiation effects of conventional RF or optical components and systems have been studied in the literature [111] [112] [113] , relatively little has been analyzed in the terahertz domain, which represents a future research opportunity. Importantly, many such studies would translate to better understood requirements in terrestrial wireless links.
Forward View
In this review, we have only scratched the surface of the numerous research efforts underway toward terahertz wireless communications. While many such efforts have been helpful in advancing the state-of-the-art, relatively few include the implementation and testing of complete terahertz communication systems (see also [114] for a list of 17 such systems). This appears to be an increasingly important direction forward for several reasons. As mentioned earlier, channel sounding is still immature in the terahertz, but requires realistic signals and situations (e.g., mobile receivers, full-speed modulators) to quantify. Terahertz devices for wireless communications can be improved in isolation, but a holistic design approach may yield much more dramatic improvements overall. Furthermore, complete, space-based terahertz systems are already being researched, or implemented, offering opportunities to borrow and translate technology to terrestrial systems. As 5G fully deploys, research into terahertz communication will increasingly demand fully operational communication systems. These are still quite rare, and well-developed ones are still non-existent. Nevertheless, the number of applications that would benefit from high-speed terahertz wireless continues to increase [114] . This provides ample motivation to someday make terahertz the next generation (6G?) of wireless communication technology on the verge of full deployment.
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